Leguminous plants establish a mutualistic symbiosis with bacteria, collectively referred to as rhizobia. Host plants positively and negatively regulate the symbiotic processes to keep the symbiosis at an appropriate level. Although the plant hormone ethylene is known as a negative regulator of symbiotic processes, the molecular mechanisms of ethylene signaling remain unresolved, especially in the model plant Lotus japonicus. Here, we identified two genes, LjEIN2-1 and LjEIN2-2, from L. japonicus. These genes share moderate similarity in their amino acid sequences, are located on different chromosomes and are composed of different numbers of exons. Suppression of either LjEIN2-1 or LjEIN2-2 expression significantly promoted the root growth of transformed plants on plates containing 1-amino-cyclopropane-carboxylic acid (ACC), the biosynthetic precursor of ethylene. Simultaneous suppression of both LjEIN2-1 and LjEIN2-2 markedly increased the ethylene insensitivity of transgenic roots and resulted in an increased nodulation phenotype. These results indicate that LjEIN2-1 and LjEIN2-2 concertedly regulate ethylene signaling in L. japonicus. We also observed that Nod factor (NF) induced the expression of the ethylene-responsive gene LjACO2, and simultaneous treatment with NF and ACC markedly increases its transcript level compared with either NF or ACC alone. Because LjACO2 encodes ACC oxidase, which is a key enzyme in ethylene biosynthesis, this result suggests the existence of an NF-triggered negative feedback mechanism through ethylene signaling.
Introduction
Legumes establish mutualistic symbiosis with soil bacteria, called rhizobia, and develop nodules on roots. Inside the nodules, rhizobia fix atmospheric nitrogen to ammonia and supply it to the host plants in exchange for photosynthates. Thus, an appropriate level of rhizobial symbiosis is beneficial to the host plants, but excessive nodulation diminishes plant growth. Therefore, host plants have evolved negative regulatory mechanisms to control the number of nodules strictly and to maintain proper symbiotic balance. For example, legumes exploit the feedback system of nodulation, in which nodules formed earlier suppress further nodulation on the same root as well as on other roots (Nutman 1952 , Pierce and Bauer 1983 , van Brussel et al. 2002 . This feedback regulation is called 'autoregulation of nodulation (AUT)'. Mutations in the AUT components result in a markedly increased number of nodules and expansion of the nodulation zone, which results in a hypernodulation phenotype. Analyses using hypernodulation mutants, such as Lotus japonicus har1 (Krusell et al. 2002 , Nishimura et al. 2002 , soybean nts1 (Olsson et al. 1989) and Medicago truncatula sunn (Penmetsa et al. 2003) , have revealed that the AUT signal is mediated by the shoot, which systemically controls the number of nodules on whole roots.
In addition to the systemic AUT mechanism, the gaseous phytohormone ethylene (ET) plays important roles in the negative regulation of nodulation. Applying ET or its biosynthetic precursor, 1-amino-cyclopropane-carboxylic acid (ACC), severely inhibits rhizobia infection and nodule formation in a wide range of legumes, whereas treatment with the ET biosynthesis inhibitor, L-a-(2-aminoethoxyvinyl) glycine (AVG), slightly promotes nodulation (Penmetsa and Cook 1997 , Nukui et al. 2000 , Oldroyd et al. 2001 . Consistent with these pharmacological studies, the ET-insensitive mutant sickle in M. truncatula forms a drastically increased number of nodules within a limited root region, whereas the nodulation zone of sickle is comparable with that of wild-type plants (Penmetsa and Cook 1997) . Detailed analyses using sickle mutants revealed that ET regulates the number of nodules, nodule positioning, growth of the infection thread, the expression of early nodulation genes and calcium spiking Cook 1997, Oldroyd et al. 2001) . From the double mutant analysis using sickle and sunn, Penmetsa et al. (2003) showed that the causal genes of sickle or sunn participate in distinct genetic pathways for regulating the nodulation in M. truncatula. SICKLE encodes the Medicago ortholog of EIN2 (ETHYLENE INSENSITIVE2), which was initially identified in Arabidopsis thaliana and plays central roles in ET signaling in various plants (Alonso et al. 1999 , Jun et al. 2004 , Shibuya et al. 2004 , Penmetsa et al. 2008 . Therefore, the physiological roles of ET signaling in nodulation are well elucidated in M. truncatula.
Most legumes are classified into two groups, determinate nodulation type (e.g. soybean and L. japonicus) or indeterminate nodulation type (e.g. pea and M. truncatula). In determinate-type plants, cell division for nodulation is initiated from the outer root cortex, and mature nodules lack an apical meristem (Hirsch 1992) . In contrast, indeterminate-type nodules originate from cells dividing in the inner root cortex and have a persistent meristem, which results in the formation of elongated nodules. The symbiotic roles of ET signaling in indeterminate-type plants are well characterized from analyses using the Medicago sickle mutant. However, the roles of ET signaling in determinate-type plants such as L. japonicus and soybean are rather unclear. In soybean, ACC treatment results in a slight decrease in nodule number; however, ACC treatment also affects plant growth; thus, Schmidt et al. (1999) concluded that the decreased nodulation following ACC treatment was caused by a growth defect rather than negative regulation. In addition, soybean ET-insensitive etr1-1 mutants form a normal number of nodules (Schmidt et al. 1999) . Although the etr1-1 mutants still show partial ET responses, these results do not support the involvement of ET signaling in soybean nodulation. In L. japonicus, overexpression of the mutated melon or Arabidopsis ethylene receptor (Cm-ERS1/H70A and etr1-1, respectively) confers ethylene insensitivity and increases rhizobial infection and nodule initiation (Nukui et al. 2004 , Lohar et al. 2009 ). However, the roots of these transgenic plants still retain their responsiveness to ACC and show a modest nodulation phenotype in comparison with M. truncatula sickle mutants. In addition, several genetic approaches in L. japonicus have failed to isolate mutants corresponding to sickle, although these approaches successfully identified a number of symbiotic and non-symbiotic genes (reviewed in Kouchi et al. 2010) . Therefore, the role of intrinsic ET signaling in nodulation is still unclear in L. japonicus.
ET is a gaseous phytohormone that regulates a wide array of physiological and morphological processes in plants such as seed germination, root initiation, flower and leaf senescence, abscission, fruit ripening, wounding and defense responses (Bleecker and Kende 2000, Guo and Ecker 2004 Among the ET signaling components, loss of function of EIN2 confers exceptionally strong ET insensitivity and eliminates all known ET responses in A. thaliana (Roman et al. 1995) . EIN2 encodes an integral membrane protein comprising an Nterminal segment that shows similarity to the family of the natural resistance-associated macrophage protein (NRAMP) metal transporters and a unique C-terminal segment (CEND, the C-terminal end of EIN2) that does not contain a known characterized motif (Alonso et al. 1999) . Overexpression of CNED in ein2 mutants results in constitutive activation of ET responses. Based on these results, it is widely accepted that EIN2 plays central roles in ET signaling.
To extend our knowledge of the role of ET signaling in legumes further, we isolated Lotus EIN2 homologs and investigated their roles in ET responses and nodule development. Our results indicate that two distinct EIN2 homologs cooperatively regulate the ET response and nodulation in L. japonicus.
Results

Identification of LjEIN2-1 and LjEIN2-2
We searched the Lotus genome database (http://www.kazusa. or.jp/lotus/index.html) for Lotus homologs of EIN2 using the full-length Arabidopsis EIN2 as bait. Two distinct genomic clones, chr5.CM1729.230 and chr1.CM0012.1100, were predicted to encode proteins comprising an N-terminal NRAMP transporter domain and a C-terminal CEND domain, the same as in Arabidopsis EIN2. By using the GENSCAN program (http:// genes.mit.edu/GENSCAN.html), we slightly revised the prediction of genes and named these genes LjEIN2-1 and LjEIN2-2, respectively. LjEIN2-1 has eight exons interspersed by seven introns and contains a 3,771 bp open reading frame (ORF), while LjEIN2-2 has a 3,753 bp ORF represented by seven exons (Fig. 1A) . The NRAMP transporter domain of LjEIN2-1 shares only 29% amino acid identity with AtEIN2. This score is low in comparison with the identities between AtEIN2 and its rice ortholog OsEIN2 (48% identity, Jun et al. 2004) , the petunia EIN2 PhEIN2 (57% identity, Shibuya et al. 2004 ) and LjEIN2-2 (43% identity). On the other hand, the CEND domains of LjEIN2-1 and LjEIN2-2 share 48% and 46% amino acid identity with AtEIN2, respectively. These scores are comparable with those between AtEIN2 and OsEIN2 (identity: 35%) or PhEIN2 (identity: 44%).
Leguminous EIN2 genes are highly diversified from non-leguminous EIN2 genes
We compiled EIN2 genes from various plants, including pteridophytes and bryophytes, using the Phytozome database (http://www.phytozome.net/). The phylogenic analysis shown in Fig. 1B indicates that EIN2 genes from bryophytes, pteridophytes and monocots cluster into the same or closely related subgroups. However, the EIN2 genes from dicotyledons are positioned relatively distant from the monocotyledonous or non-flowering clades. In particular, the amino acid sequences of leguminous EIN2 genes are highly diversified from each other and also from non-leguminous EIN2 genes.
Analysis of LjEIN2-1 and LjEIN2-2 expression
The expression of LjEIN2-1 and LjEIN2-2 in various organs was investigated by quantitative reverse transcription-PCR (RT-PCR) analysis. Expression of both genes was detected in all examined plant tissues including leaf, stem, root and nodules, and was not affected by inoculation with Mesorhizobium loti, the symbiotic partner of L. japonicus (Fig. 2) .
To investigate their responsiveness to Nod factor (NF) and ET, the roots of hydroponically cultivated plants were treated with NF, ACC or AVG, and the expression of LjEIN2-1 and LjEIN2-2 was examined (Fig. 3A, B) . Application of ACC slightly decreased the transcription of LjEIN2-1, whereas the expression of LjEIN2-2 was slightly increased. NF treatment rarely affected the expression levels of LjEIN2-1 and LjEIN2-2. We also investigated the expression of ET biosynthetic enzyme, ACC synthase (LjACS1: chr4.CM0004.1010) and ACC oxidase (LjACO2: chr2.CM0826.50), in L. japonicus because the increased expression of ACC oxidase in response to NF treatment was reported in pea, indeterminate-type plants (Heidstra et al. 1997) . Both NF and ACC treatment slightly decreased the expression of LjACS1, whereas these treatments significantly increased the expression of LjACO2 (Fig. 3C, D) . Furthermore, NF and ACC synergistically activated the expression of LjACO2 but suppressed the expression of LjACS1.
LjEIN2-1 and LjEIN2-2 regulate the ethylene response in L. japonicus
To address the functional significance of LjEIN2-1 and LjEIN2-2 in ET signaling, we generated specific RNA interference (RNAi) constructs targeting LjEIN2-1 (E1), LjEIN2-2 (E2) or both LjEIN2-1 and LjEIN2-2 (two different constructs, E1/2F and E1/2R), and obtained transgenic roots of L. japonicus by Agrobacterium rhizogenes-mediated gene transfer. These plants bearing the transgenic roots were grown in the presence or absence of ACC for 10 d (Fig. 4A) and then the length of the longest root was determined for each plant (Fig. 4B) . In the presence of ACC, root growth was strongly inhibited in L. japonicus (Nukui et al. 2000 ; see also the vector control plants in Fig. 4A and B) . Transformation with the E1 or E2 constructs caused partial insensitivity of transformed roots to ACC and promoted root growth (Fig. 4A, B) . Introduction of E1/2F or E1/2R promoted root growth more effectively than introduction of RNAi constructs for either LjEIN2-1 or LjEIN2-2 alone. The length of the roots transformed by E1/2F or E1/2R were comparable with those of the mock-treated roots transformed by empty vector (Fig. 4B) . In addition to the inhibition of root growth, ET stimulated root hair formation and, again, introduction of E1/2F or E1/2R suppressed the ET effect on root hair formation (Fig. 4D) .
To confirm the effectiveness of these RNAi constructs for suppression of the target genes, we examined the expression of LjEIN2-1 and LjEIN2-2 in the transgenic roots of each plant by The amino acid sequences of EIN2 gene-encoded proteins from various plants were aligned with ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/) under default settings, and the tree was drawn using GENETYX-Tree software. The accession number of each gene is as follows: AtEIN2 (AT5G03280), PhEIN2 (Petunia hybrida, AAR08678), MtEIN2 (Medtr7g121800), GmEIN2-1 (Glycine max, Glyma03g33850), GmEIN2-2 (Glyma13g20810), GmEIN2-3 (Glyma10g06610), OsEIN2 (LOC_Os07g06130), OsEIN2-2 (LOC_Os03g49400), ZmEIN2 (Zea mays, GRMZM2G068217), SmEIN2 (Selaginella moellendorffii, 447098), PpEIN2-1 (Physcomitrella patens, Pp1s54_141V6) and PpEIN2-2 (Pp1s197_39V6). Bootstrap values under 1,000 are shown. Scale: 0.1 nucleotide substitutions per site.
RT-PCR analysis. As shown in Fig. 4C , the E1 construct specifically suppressed the expression of LjEIN2-1 but not of LjEIN2-2, while the E2 construct reduced the LjEIN2-2 transcript level and had little or no effect on the expression of LjEIN2-1. Introduction of E1/2F or E1/2R markedly reduced the transcript levels of both LjEIN2-1 and LjEIN2-2. Therefore, we concluded that the ET insensitivity observed in this experiment was caused by the suppression of LjEIN2-1 and LjEIN2-2, and that these two distinct EIN2 homologs cooperatively regulate the ET signaling in L. japonicus.
LjEIN2-1 and LjEIN2-2 cooperatively regulate the nodule number in L. japonicus
To examine the symbiotic roles of LjEIN2-1 and LjEIN2-2, we generated new transgenic roots each harboring E1, E2, E1/2F or E1/2R constructs and inoculated them with DsRed-labeled M. loti. After 2 weeks, the roots transformed with E1/2F or E1/2R developed a markedly increased number of nodules on green fluorescent protein (GFP)-positive roots (Fig. 5A, B) whereas the most of GFP-negative roots formed a normal or slightly decreased number of nodules (data not shown). On the other hand, roots transformed with E1 formed slightly more nodules than roots transformed with the vector control (Fig. 5B) . Most of the nodules observed in E1/2F-or E1/ 2R-transformed roots were clustered in a limited region. We determined the highest number of nodules within 1 cm of the root for each plant and statistically confirmed the above observation (Fig. 5C) . We also examined the transcript levels of LjEIN2-1 and LjEIN2-2 in the hypernodulated roots transformed with E1/2F or E1/2R and confirmed the effectiveness of the gene suppression (Fig. 5D) . These results indicated that both LjEIN2-1 and LjEIN2-2 cooperatively regulate nodule numbers in L. japonicus. 
Discussion
Researchers have reported that using mutated ET receptors from Arabidopsis or melon decreased ethylene sensitivity in L. japonicus (Nukui et al., 2004 , Lohar et al, 2009 ). These transgenic plants showed increased numbers of infection threads and primordial nodule formation, although the roots still retained their responsiveness to ACC and showed a modest nodulation phenotype in comparison with sickle mutants in M. truncatula. Here, we showed that suppression of LjEIN2-1 transcription slightly but significantly increases the number of nodules (Fig. 5) . In addition, simultaneous suppression of both LjEIN2-1 and LjEIN2-2 markedly increases the number of nodules and nodule density in L. japonicus (Fig. 5) . These phenotypes are comparable with those observed in Medicago EIN2 mutants (Penmetsa et al. 2008) . Therefore, our results clearly show the inhibitory role of intrinsic ET signaling in nodulation via the EIN2 genes in L. japonicus, a determinate-type plant.
Our functional analyses using the RNAi technique clearly showed that LjEIN2-1 and LjEIN2-2 cooperatively regulate the ET responses and nodule number (Figs. 4, 5) . These results suggested that LjEIN2-1 and LjEIN2-2 are functionally comparable, although the expression of LjEIN2-1 in response to ACC treatments was different from that of LjEIN2-2 (Fig. 3) . Very recently, Chan et al. (2013) reported the isolation and analyses of Ljein2-2 mutants (called 'enigma' in that study) in L. japonicus. Surprisingly, these mutants showed the ET insensitivity and the decreased nodulation phenotype, and thus these results conflict with our results determined by the RNAi technique (Fig. 5) . However, these enigma mutants bear the missense mutations or premature stop codon near the C-terminus in LjEIN2-2 and it is difficult to exclude the possibility that mutated EIN2-2 protein still controls partial ET responses or has 'enigmatic' effects on other signal cascades. Conversely, we cannot exclude the possibility that our suppression of LjEIN2-2 by the E2 construct was insufficient to evaluate symbiotic functions. Null mutations in the LjEIN2-2 locus will provide the conclusive evidence.
Recently, LjERF1, the closest homolog of Arabidopsis ETHYLENE RESPONSE FACTOR1 (ERF1), was found in L. japonicus (Asamizu et al. 2008) . The transcription of LjERF1 exhibited synergistic induction by ET and jasmonic acid (JA). Overexpression of LjERF1 resulted in increased nodule numbers, and suppression of LjERF1 resulted in severe inhibition of nodulation (Asamizu et al. 2008) . These results indicated the possibility that ET signal cascades also play a positive role in nodulation processes. However, simultaneous suppression of both LjEIN2-1 and LjEIN2-2 did not eliminate nodulation but increased the nodule number (Fig. 5) . These results suggested the possibility that the synergistic induction of LjERF1 transcript by ET and JA is not required, and the basal expression level of LjERF1 is sufficient for nodulation.
NF perception by host plants triggers two types of physiological signal cascades: one positively activates nodulation processes and the other negatively regulates the persistent infection of rhizobia to prevent excessive nodulation (reviewed in Kouchi et al. 2010) . ET is thought to be the component of this negative regulation in legumes, except soybean. Consistent with this hypothesis, we observed that NF rapidly induces the expression of LjACO2, which encodes a key enzyme in ET biosynthesis, ACC oxidase (Fig. 3D) . On the other hand, NF treatment slightly reduced the expression of LjACS1 (Fig. 3C) . Interestingly, simultaneous treatment with NF and ACC markedly increases the expression of LjACO2 but decreases the LjACS1 transcript compared with either NF or ACC alone (Fig. 3C, D) . Because the induction level of LjACO2 was extraordinary, these results suggest that once the inhibitory mechanisms for nodulation are activated, NF perception may accelerate ethylene production to prevent further infection of rhizobia. Detailed analysis of the site and timing of ethylene production in nodulation processes will provide conclusive insight into this observation.
EIN2 was first shown to be essential for ET signaling in Arabidopsis by Alonso et al. (1999) . Later, EIN2 homologs were isolated from rice, petunia and M. truncatula (Jun et al. 2004 , Shibuya et al. 2004 , Penmetsa et al. 2008 . In these plants, a single EIN2 gene has been shown to play a central role in ET signaling. Here, we identified two distinct EIN2 genes (LjEIN2-1 and LjEIN2-2) from L. japonicus and demonstrated that both genes cooperatively regulate ET signaling to inhibit root growth and nodule formation (Figs. 4, 5 ). To our knowledge, this is the first report of a plant controlling ET signaling by two EIN2 proteins. Note that the LjEIN2-1 and LjEIN2-2 genes are positioned on different chromosomes (chromosomes 5 and 1, respectively) and comprise a different number of exons (eight and seven, respectively). In addition, the amino acid sequences of these genes show only modest similarity to each other (Fig. 1A) . These results suggest the possibility that LjEIN2-1 and LjEIN2-2 are not recently diverged. Supporting our notion, phylogenetic analysis indicated that leguminous EIN2 genes are highly diversified from those of non-legumes (Fig. 1B) . In addition, PSIPRED (http://bioinf.cs.ucl.ac.uk/ psipred/) predicts 13, eight and 10 transmembrane domains in the N-terminal segments of MtEIN2, LjEIN2-1 and LjEIN2-2, respectively, whereas all other EIN2 genes, including the genes found in soybean and non-flowering plants, contain 12 transmembrane domains (data not shown). These results suggest that the molecular evolution of EIN2 genes might be accelerated in legumes. Because nitrogen-fixing root nodule symbiosis is almost completely restricted to the legumes, it is intriguing to hypothesize that acquisition of rhizobial symbiosis accelerated the evolution of ET signaling components in these species to control the infection of this new symbiotic partner. Further study of the roles of ET signaling in legumes and the comparison of other ET signaling components in legumes and nonlegumes will provide conclusive insights into this hypothesis.
Materials and Methods
Plant materials and growth conditions
Lotus japonicus B-129 Gifu plants were grown in an artificially lit growth cabinet at 24 C for 16 h (light) and 22 C for 8 h (dark). Chemical treatments for the expression analyses were carried out using hydroponically cultivated plants as described previously (Nakagawa et al. 2011) .
RNA interference by hairy root transformation
Portions of LjEIN2-1 or LjEIN2-2 were PCR amplified with the primers, 5 0 -CCTGCCAGGGATGCTTACATGT-3 0 and 5 0 -CGAG CTTCTCCCATATGACTGA-3 0 for LjEIN2-1, and 5 0 -ACCAGACA TTTCAGGATACTC-3 0 and 5 0 -GGGATTCACCTGCCATGT GA-3 0 for EIN2-2. To make chimeric cDNA fragments containing both LjEIN2-1 and LjEIN2-2 sequences, the following primers were also used for amplification of cDNA fragments by PCR: 5 0 -TGCTACATCACCAGCTGCAGT-3 0 , 5 0 -CACAAAAGAACCAGA TTTCCTATCAG-3 0 , 5 0 -TCTTCTGATGGGAAATCTGGTTC-3 0 and 5 0 -CTTGTACCTTTTGAGAACAGATG-3 0 . A chimeric cDNA fragment comprising both LjEIN2-1 and LjEIN2-2 was employed for E1/2F, and the complementary direction of the chimeric cDNA fragment was employed for E1/2R. These DNA fragments were each cloned into an entry vector, pENTR/ D-TOPO (Invitrogen), and then transferred into a Gatewaycompatible binary vector, pUB-GWS-GFP (Maekawa et al. 2008) .
The pUB-GWS-GFP vectors carrying portions of LjEIN2-1, LjEIN2-2 or both LjEIN2-1 and LjEIN2-2 were transformed into Lotus plants by A. rhizogenes LBA 1334, as previously described (Maeda et al. 2006) . Plants with GFP-positive hairy roots were selected and transplanted onto agar plates with or without ACC or into pots of sterilized vermiculite supplied with nitrogen-free 1/2-strength B&D medium for 2 d, followed by inoculation with M. loti MAFF303099 that constitutively expressed DsRed (Maekawa et al. 2009 ). GFP and DsRed fluorescence were observed under binocular fluorescence microscopes (OLYMPUS SZX12).
RNA isolation
Total RNA was isolated by the CTAB (cetyltrimethylammonium bromide) method as described previously (Nakagawa et al. 2011) . In brief, harvested roots (approximately 200-500 mg) were ground to a fine powder in liquid nitrogen, immediately dissolved in 700-1,000 ml of the extraction buffer [2% CTAB, 100 mM Tris (pH 9.5), 20 mM EDTA, 1.4 M NaCl, 1% 2-mercaptoethanol] and incubated at 65 C for 10 min. After two successive extractions with chloroform, RNA was precipitated with LiCl (final concentration 2.5 M) at -20 C overnight. The precipitated RNA was collected by centrifugation, dissolved in 100 ml of water, and further purified using the RNeasy Mini Kit (Qiagen) according to the manufacturer's manual.
Real-time RT-PCR
Total RNA was reverse transcribed with the QuantiTect Reverse Transcription Kit (Qiagen) according to the manufacturer's instructions. Aliquots of the resulting cDNA (equivalent to approximately 1 ng of RNA) were subjected to real-time PCR analysis with a Light Cycler (Roche Diagnostics). Lotus japonicus ubiquitin (Flemetakis et al. 2000) was used as a standard. PCR cycling conditions comprised an initial denaturation step at 95 C for 10 min followed by 40 cycles at 95 C for 10 s, 60 C for 10 s and 72 C for 10 s. The gene-specific primers used for 
